Abstract To achieve a better understanding of the dominant loss mechanisms for the rapid dropouts of radiation belt electrons, three distinct radiation belt dropout events observed by Van Allen Probes are comprehensively investigated. For each event, observations of the pitch angle distribution of electron fluxes and electromagnetic ion cyclotron (EMIC) waves are analyzed to determine the effects of atmospheric precipitation loss due to pitch angle scattering induced by EMIC waves. Last closed drift shells (LCDS) and magnetopause standoff position are obtained to evaluate the effects of magnetopause shadowing loss. Evolution of electron phase space density (PSD) versus L* profiles and the μ and K (first and second adiabatic invariants) dependence of the electron PSD drops are calculated to further analyze the dominant loss mechanisms at different L*. Our findings suggest that these radiation belt dropouts can be classified into distinct classes in terms of dominant loss mechanisms: magnetopause shadowing dominant, EMIC wave scattering dominant, and combination of both mechanisms. Different from previous understanding, our results show that magnetopause shadowing can deplete electrons at L* < 4, while EMIC waves can efficiently scatter electrons at L* > 4. Compared to the magnetopause standoff position, it is more reliable to use LCDS to evaluate the impact of magnetopause shadowing. The evolution of electron PSD versus L* profile and the μ, K dependence of electron PSD drops can provide critical and credible clues regarding the mechanisms responsible for electron losses at different L* over the outer radiation belt.
Introduction
The energetic electrons in Earth's outer radiation belt are highly dynamic due to the complex balance of various acceleration, transport, and loss processes during geomagnetic storms Li et al., 2001; Reeves et al., 2003; Tu et al., 2009) . Radiation belt dropout is one of the most dramatic variations in the radiation belt, during which the electron fluxes are observed to drop by several orders of magnitude in just a few hours (e.g., Bortnik et al., 2006; Morley et al., 2010; Turner et al., 2012a) . Where do the electrons go during the fast dropouts? This is one of the most important outstanding questions in radiation belt studies. Radiation belt electrons can be lost either by transport across the magnetopause into interplanetary space or by precipitation into the atmosphere. It is now widely accepted that both the mechanism of magnetopause shadowing combined with outward radial diffusion and the mechanism of atmospheric precipitations due to wave-induced pitch angle scattering can contribute to radiation belt dropouts (e.g., Li et al., 1997; Morley et al., 2010; Tu et al., 2010; Turner et al., 2012b) . However, the key question regarding the relative contributions of these two mechanisms to the observed dropouts still remains to be fully understood. The inward movement of the magnetopause due to strong solar wind dynamics pressure (P dyn ) can substantially deplete electrons at high L shells where electrons find themselves on open drift shells, while electron fluxes at lower L shells can continue to drop through outward radial diffusion after the magnetopause returns to the quiet time position (e.g., Shprits et al., 2006) . Various magnetospheric waves can scatter radiation belt electrons into the loss cone via wave-particle interactions, including whistler mode chorus, plasmaspheric hiss, electromagnetic ion cyclotron (EMIC) waves, and magnetosonic waves (e.g., Summers et al., 2007; Thorne, 2010; Ni et al., 2013 Ni et al., , 2015 Ni et al., , 2017 Turner et al., 2014b) . EMIC waves are thought most likely to produce radiation belt electron dropouts, because EMIC waves predominantly scatter relativistic (~1 MeV) and ultrarelativistic (above~2 MeV) electrons and the loss timescale can be as short as just a few minutes.
Using multisatellite observations and combined with modeling results, intensive progress has been made in understanding the dominant loss mechanisms of radiation belt dropouts. By analyzing data collected by XIANG ET AL.
MECHANISMS OF RADIATION BELT DROPOUTS 1
Time History of Events and Macroscale Interactions during Substorms (THEMIS), GOES, and NOAA-POES spacecraft, Turner et al. (2012a) showed that the sudden electron depletion on 6 January 2011 was primarily a result of outward transport rather than loss to the atmosphere. In contrast, Shprits et al. (2016) combined observations and modeling of the evolution of the electron flux pitch angle distribution on 17 January 2013, showing that EMIC waves provide the dominant loss mechanism of radiation belt electrons at ultrarelativistic energies. Zhang et al. (2016a) also showed direct and quantitative evidence of EMIC wave-driven relativistic electron losses in the Earth's outer radiation belt by comparing their model results with the local observations of electron pitch angle distributions on 27 February 2014. By examining the data from multiple satellites including Van Allen Probes, THEMIS, and GOES during the 30 September 2012 dropout event, Turner et al. (2014a Turner et al. ( , 2014b concluded that the losses at L* >~4 were dominated by magnetopause shadowing and outward transport and the losses at lower L* regions were dominated by wave-particle interactions. Similarly, using electron flux data from a group of 14 satellites, Xiang et al. (2016) reported multisatellite simultaneous observations of magnetopause and atmospheric losses of radiation belt electrons during an intense solar wind dynamic pressure pulse event on 2 October 2013.
Although increasing progress has been made in understanding the mechanisms of radiation belt dropouts, the nature keeps revealing more puzzling dropout phenomena that remain to be explained. Figure 1 shows the observations of radiation belt dropout during a strong geomagnetic storm (Dst minimum = À204 nT) on 22 June 2015, which has been reported by Baker et al. (2016) as one of the two largest geomagnetic storms in the last decade. A sudden and nearly complete loss of all the outer zone relativistic and ultrarelativistic electrons occurred after a strong interplanetary shock at 18:36 UT on 22 June 2015. The fluxes plotted in Figure 1 are for electrons with 90°local pitch angle, which is close to 90°equatorial pitch angle when Van Allen Probes are measuring electrons near the equator (most of the time in orbit). The observed dropout during this event covered a wide range of McIlwain L (2.6 < L < 6.5) (McIlwain, 1961) using the OP77Q external field model (Olson & Pfitzer, 1977) and IGRF internal field model (Finlay et al., 2010) . Note that the "L" in this paper are all McIlwain L and directly obtained from Relativistic Electron Proton Telescope (REPT) data product file. Radiation belt electrons were depleted from 1.02 MeV up to 6.3 MeV. The dropout also includes the depletion of the remnant belt (or storage ring) (Baker et al., 2016) of 4.2 MeV and 6.3 MeV electrons at L < 3 formed by acceleration earlier in the year. The fast depletion of outer belt electrons over such a wide range of L and 
Journal of Geophysical Research: Space Physics

10.1002/2017JA024487
energies is phenomenal, which makes explaining this dropout quite challenging. This is because the mechanism of magnetopause shadowing is believed to typically have small impacts at L < 4 and EMIC waves cannot efficiently scatter electrons over such a wide range of energies and L (e.g., Cao et al., 2017; Ni et al., 2015) . In order to find the explanation of this dropout event and get a better understanding of mechanisms of radiation belt dropouts, both losses to the magnetopause and atmospheric precipitation should be carefully investigated over the entire range of the outer radiation belt. Therefore, in the present paper we conduct a comprehensive study of the loss mechanisms of radiation belt electrons in three distinct dropout events, including the 22 June 2015 dropout event described above, the 27 February 2014 dropout event, and the 17 January 2013 dropout event. Electron pitch angle distributions and EMIC waves observations obtained from Van Allen Probes are investigated to determine the potential contribution of wave-particle interaction. Last closed drift shells (LCDS) and magnetopause position are calculated to evaluate the effects of magnetopause shadowing loss. Evolutions of the electron phase space density (PSD) versus L* profiles and the μ, K dependence of the electron PSD drops are examined to distinguish the dominant mechanisms at different L* regions.
Observations of Dropout Events
In this section, three dropout events in June 2015, February 2014, and in January 2013, respectively, are comprehensively investigated using Van Allen Probes observations. The NASA Van Allen Probes mission, launched in August 2012 in a highly elliptical and low inclination orbit, can provide both high-quality particle and wave measurements (Mauk et al., 2012) . The Magnetic Electron Ion Spectrometer (MagEIS) instrument and Relativistic Electron Proton Telescope (REPT) (Baker et al., 2012) are both instruments of the Energetic Particle, Composition, and Thermal Plasma (ECT) suites , which provide pitch angle resolved energetic electron measurements over the critical energy range of 20 keV to 20 MeV. The observed directional differential electron fluxes during these events are then used to calculate the electron PSD Schiller et al., 2017) as a function of the three adiabatic invariants (μ, K, and L*) in the Tsyganenko 04 storm time model (TS04) (Tsyganenko & Sitnov, 2005) to remove the adiabatic variations and reveal the real electron loss during the dropout. The μ is the first adiabatic invariant, K is a combination of the first two adiabatic invariants that is independent of the particle mass and charge and is an invariant only in absence of field-aligned electric fields, and L* is commonly referred to as Roederer L related to the third adiabatic invariant (Roederer, 1970) . The formulas for μ, K, and L* (Chen et al., 2005; Ni et al., 2009; Roederer, 1970) can be expressed as
where p ⊥ is the relativistic momentum in the direction perpendicular to the local magnetic field, m 0 is the electron rest mass, and B is the magnitude of the local magnetic field;
where B m is the field strength at the mirror point, S m and S 0 m are the distances along the field line from the equator to the mirror point, and ds is the distance element along the field line;
where M is the Earth's magnetic moment, Φ is the magnetic flux through the particle drifting orbit around the Earth, and R E is the Earth's radius.
The Electric and Magnetic Field Instrument Suite Integrated Science (EMFISIS) instrumentation suite on board the Van Allen Probes, which measures a comprehensive set of wave electric and magnetic field (from 10 Hz to 12 kHz) and DC magnetic fields with a sampling cadence of 64 vectors/s (Kletzing et al., 2013) , is used to provide high-quality EMIC wave measurements during the three events.
The 22 June 2015 Dropout Event
As described in Section 1, Figure 1 displays the distribution of electron flux versus L and time during the 22 June 2015 dropout event for four different energy channels (1.02 MeV, 1.8 MeV, 4.2 MeV, and 6.3 MeV), which shows the fast depletion of relativistic and ultrarelativistic electrons over the entire outer radiation belt (from L = 2.5 to L > 6). The figure only illustrates electron measurements at 90°local pitch angle. To investigate the pitch angle dependence of the flux dropout, the equatorial pitch angles of electrons are calculated using TS04 magnetic field model, and the evolutions of electron pitch angle distribution measured by Van Allen Probe B during 22 June 2015 are displayed in Figure 2 . The figure is plotted for energy channels of 1.8 MeV and 4.2 MeV, the same as Figures 1b and 1c . We note that the equatorial pitch angle coverage of the REPT instrument changes with time, which is due to the change of the magnetic latitude (MLAT) of the satellite and the morphology of the background magnetic field (see also Figure 3d of Morley et al., 2016) . The figure shows that REPT only measures electrons near 90°equatorial pitch angle over a short period during this dropout event, with the measured equatorial pitch angles less than 50°(or above 130°) during the fast dropout (after the shock arrival at 18:36 UT on 22 June as marked in the figure) . The observed flux first shows an initial loss at large L (L > 5.5) over a wide range of equatorial pitch angles before the shock arrived and then illustrates a fast dropout of <50°equatorial pitch angle electrons after the shock arrival covering the entire outer belt. Unfortunately, the electron flux variations near 90°equatorial pitch angles were not observed during the dropout.
Electron PSD Observations
To further investigate this event, we plot the calculated electron PSD versus time and L* (the third adiabatic invariant) in Figure 3a for μ = 912 MeV/G and K = 0.11 G 1/2 R E and in Figure 3b for μ = 2290 MeV/G and
The blue curves over-plotted in Figures 3a and 3b are the last closed drift shell (LCDS (K=0.11) ) in L*, which is K dependent and calculated following the method of Roederer (1970) and Figures 3a and 3b , we find that the LCDS (K=0.11) (blue curves) was pushed to as low as L* = 3.7 at~19:30 UT on 22 June during the coronal mass ejection shock and stay below L* = 4 for 1 h. The cause of the unusually low LCDS values is the high solar wind dynamic pressure ( Figure 3d ,~56 nPa) together with the strong southward IMF B z (Figure 3e ,~À35 nT) as obtained from the OMNI data set. After the LCDS (K=0.11) was pushed to L* = 3.7 and eroded into Van Allen Probes' orbits, the electron PSD showed a significant depletion over the regions above L* = 2, illustrating a phenomenal dropout. The data gaps in the PSD results are mainly due to two reasons: (1) the electrons were on open drift shells during the periods of 18:36-21:00 UT on 22 June 2015 and 01:00-05:00 on 23 June 2015 when the LCDS (K=0.11) (blue curve) eroded into Van Allen Probes' orbits; and (2) the equatorial pitch angle coverage of REPT was limited, as showed in Figure 2 , due to the fact that Van Allen Probes' orbits were not exactly located at the magnetic equator and the morphology of background magnetic field. Therefore, the equatorial pitch angles of electrons corresponding to K = 0.11 G 1/2 R E at different L* shells may not be measured by Van
Allen Probes (see also Figure S2 of Reeves et al., 2013) . The variation of the LCDS (K=0.11) during this event is further compared with the magnetopause position estimated from the Shue et al. (1997) model in Figure 3f . The figure shows that the LCDS (K=0.11) in L* (blue curve) is generally smaller than the Shue magnetopause position in R E (black curve), broadly consistent with Matsumura et al. (2011) . This demonstrates the importance of using the realistic LCDS values to indicate the L* domain of magnetopause shadowing, rather than simply using the estimated magnetopause locations. Interestingly, we find that when the LCDS (K=0.11) was pushed to L* = 3.7, the magnetopause position calculated from the Shue model also illustrates a very low value of~3.7 R E . This is simply due to coincidence since the LCDS is in L* while the magnetopause location is a distance in R E , and physically for the same magnetopause location in R E , LCDS can be different due to different magnetic field configurations (e.g., from different tail currents). The unusually low LCDS values during the storm suggest that magnetopause shadowing could be the potential dominant loss mechanism for this dropout event.
To clearly illustrate the evolution of electron PSD during this dropout event and investigate the dependence of the dropout on electron K and μ values (or pitch angle and energy), in Figure 4 , we plot the evolutions of Figure 3a ). The start and end times of the measured electron PSD profile in color are presented on the right of Figure 4 (for each interval the PSD profile is averaged over the two probes if both are available). The time interval of each electron PSD profile is also indicated at the bottom of Figure 3b by the horizontal lines denoted with the same color. Note that the vertical axis range of electron PSD can be different in different panels. During the early period of 22 June before the dropout (i.e., profiles #1-#3), there was already some decrease of electron PSD at L* > 4.6. During the dropout the LCDS reached L* = 3.7 and stayed below L* = 4 for~1 h, which could deplete all the electrons outside the LCDS. This is consistent with the disappearance of PSD data at L* > 3.7 in profile #4 at all the K and μ values since there were open drift shells. The missing PSD inside L* = 3.7 during the same period are mainly due to the limited equatorial pitch angle coverage of the flux data ( Figure 2 ). Overall, the PSD versus L* profiles during the dropout at different K and μ values (profile #4) are consistent with the picture of fast loss by magnetopause shadowing. The subsequent PSD versus L* profile after the dropout (profile #5) was measured by Van Allen Probes during their outbound orbits. In this profile, the equatorial pitch angle coverage of the flux data at low L* was recovered, which explains the reappearance of PSD data at low L* regions. Even though magnetopause shadowing only depleted electrons outside L* = 3.7, the electron PSD at low L* also decreased by~1 order of magnitude (e.g., Figures 4g and 4h ). This is probably due to the subsequent outward radial diffusion loss induced by the sharp PSD boundary caused by magnetopause shadowing (which could have happened in a short time period, not observed by Van Allen Probes). However, the PSD versus L* profile from outward radial diffusion after the shadowing loss is expected to be locally peaked as suggested by Turner et al. (2012b) , while it shows a positive gradient in profile #5. This can be explained by concurrent inward radial diffusion from external sources at high L* regions (e.g., Barker et al., 2005) , which is not included in the scenario proposed in Turner et al. (2012b) . As shown in profile #5, the PSD at high L* quickly recovered after the magnetopause shadowing loss, probably due to the fast convection or injection from the magnetotail. Therefore, after the fast and significant Journal of Geophysical Research: Space Physics
magnetopause shadowing loss at L* > 3.7, profile #5 can be explained by the outward radial diffusion of the remaining electrons inside L* = 3.7 and the concurrent inward radial diffusion of electrons from external sources in the magnetotail. These two concurrent diffusion processes reshaped and repopulated the entire outer belt soon after the dropout. It will be very interesting to use diffusion models to reproduce this proposed scenario in the future.
Magnetospheric Wave Observations
Even though this dropout event is shown to be dominated by the magnetopause shadowing loss, we further study the potential influence of wave-particle scattering loss during this event. Figure 5 shows the EMIC wave observations from Van Allen Probe A during the inbound orbit after the strong shock arrived. Magnetic field power spectral density and wave normal angles (WNA) are presented in Figures 5a and 5b. The information of L, magnetic local time (MLT), and magnetic latitude (MLAT) are displayed at the bottom of the figure. The three curves in Figure 5a are hydrogen (black dashed line), helium (blue solid line), and oxygen (white dotted line) ion gyrofrequencies, respectively. EMIC waves were detected at regions of L = 2.3-3.3, 22.2-23.8 MLT, and 4°-6°MLAT. Two bands of EMIC waves, i.e., H + band and He + band, were detected by Van Allen Probe A, with the expected gap in magnetic field power spectral density occurring at the He + gyrofrequencies (e.g., Gomberoff & Neira, 1983) . As shown in the measurements, strong H + band EMIC waves lasted for 30 min and He + band EMIC emissions lasted for~3 min. The wave normal angles (WNA) (Figure 5b ) inferred from the Singular Value Decomposition (SVD) method (Santolík et al., 2003) remained around <10°, suggesting that the waves generally propagated along the background magnetic field line and were excited near the geomagnetic equator. The H + band EMIC waves at L < 3 are rarely observed by Van Allen Probes. In a statistical study of EMIC wave for the first 22 months of Van Allen Probes (Saikin et al., 2015) , the occurrence of H + band EMIC wave at 2 < L < 3 is 0, while the occurrences of He + band and O + band EMIC waves within this L range is 16 and 17, respectively. Another statistical study of EMIC wave frequency spectra and their intensities using Van Allen Probes observations from September 2012 to December 2015 (Zhang et al., 2016c ) also shows that the occurrence rate of H band at L < 3 is low (although not 0). The lack of H band EMIC waves measured by Van Allen Probes EMFISIS instrument at L < 3 could be due to both the lack of free energy at such low L shells and the limited frequency range of EMFISIS (only measures EMIC waves with frequency less than 32 Hz due to a sampling cadence of 64 vectors/s while the cyclotron frequency of H + is above 32 Hz at 
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L < 2.5). Based on in situ field and plasma observations from Van Allen probe A (background magnetic field strength is~1500 nT and electron number density is~2000 cm À3 at 19:51 UT on 22 June, 2015) and applying the method in Summers et al. (2007) , we found that the minimum cyclotron resonance energy of the H + band EMIC waves in the event was~5 MeV. This high value of minimum resonance energy is mainly due to the strong background magnetic field strength at low L (Ni et al., 2015) . Therefore, even though these low L shell EMIC waves can contribute to the loss of >5 MeV electrons at L < 3 during this event, it cannot account for the losses of <5 MeV electrons at L < 3 and the fast dropout at L > 3 over a wide range of energies. Thus, EMIC wave scattering is not the main loss mechanism in this strong dropout event. Other magnetospheric waves (such as chorus wave and hiss wave) were also observed during this event. But loss timescale of plasmaspheric hiss is just too slow to be responsible for relativistic electron quick loss and chorus waves do not exist inside plasmasphere. Therefore, wave-induced electron losses seem not to play an important role in this phenomenal dropout event. Based on the extremely low value of LCDS (L* = 3.7) and the evolution of PSD versus L* profiles at different K and μ values, we suggest this dropout event, which depleted electrons over a wide range of L and energies, mainly result from the magnetopause shadowing loss and subsequent outward radial diffusion.
The 27 February 2014 Event
The important role of magnetopause shadowing in electron dropouts has been identified in the June 2015 event. Here we will investigate the 27 February 2014 dropout event in which EMIC wave scattering plays an important role. The effect of EMIC wave scattering at L = 5.77 during this event have been modeled using in situ EMIC wave and plasma data observed by Van Allen Probes based on the quasi-linear theory (Zhang et al., 2016a) . By comparing to the observed loss of radiation belt electrons, they confirmed that EMIC wave-induced electron scattering was the dominant loss mechanism at L = 5.77. Here we will comprehensively analyze the electron dropout during this event to resolve the dominant loss mechanism over the entire outer radiation belt. Figure 6 shows the electron fluxes at 90°local pitch angle versus time and L measured by Van Allen Probes from 26 February through 1 March. From top to bottom, the electron energy channels are 1.02 MeV, 1.8 MeV, 4.2 MeV, and 6.3 MeV. In Figure 6 , the fluxes of 4.2 MeV electrons exhibited substantial drop outside L = 3.3 during the inbound of both probes at the end of 27 February, while the fluxes of 1.02 MeV and 1.8 MeV electrons only showed a moderate decrease. Electron losses caused by EMIC waves are suggested to have two main signatures: only scattering electrons above a certain energy (usually >500 keV) and producing 90°peaked pitch angle distribution. The energy dependence of the flux dropout shown in Figure 6 seems to be consistent with EMIC wave scattering loss. We next investigate the signature of pitch angle dependence of electron flux.
Electron Flux Observations
In Figure 7 we plot the pitch angle distribution of electron flux and the EMIC wave observations from Van Allen Probe A during the dropout. 
MeV
[degree] It is clear that the pitch angle distribution became more and more 90°-peaked at both energy channels after EMIC wave activity started at 16:50 UT on 27 February. This time evolution of electron pitch angle distribution supports the scenario that EMIC waves play an important role in the electron dropout at L > 4.7. Due to the limited spatial coverage of Van Allen Probes, we cannot exclude the occurrence of EMIC waves at other L and MLT regions during the dropout. Zhang et al. (2016a) reported that EMIC waves also occurred at lower L (e.g.,~L = 3.7) during this dropout event based on the observations of ground stations. Therefore, EMIC waves may also play an important role in electron loss over a wide range of L during this event.
The evolution of electron pitch angle distribution in Figure 7 from a single probe (Van Allen Probe A) is a mix of temporal and spatial variations. The double Van Allen Probes enable us to obtain the temporal variation of electron pitch angle distribution. During this event Van Allen Probe B led Probe A by~40 min, which means that Probe B crossed the same L shell~40 min ahead of Probe A. Figure 4 in Zhang et al. (2016a) presents the pitch angle distribution of electron fluxes at L = 5.77 observed by two Van Allen Probes during this dropout event (or see Figure S1 in supporting information). The observations show almost no loss at 90°pitch angle over the 40 min but with more significant loss at smaller pitch angles, leading to an enhanced 90°-peaked distribution. These are consistent with the loss features of the EMIC wave scattering mechanism.
Electron PSD Observations
To further investigate this dropout event, Figure 8 displays the electron PSD versus time and L* in Figure 8a for μ = 912 MeV/G and K = 0.17 G 1/2 R E and in Figure 8b for μ = 2290 MeV/G and K = 0.17 G 1/2 R E . The figure format is the same as Figure 3 for the June 2015 event. The electron PSD started to drop at~L* = 5 after the EMIC waves were measured at 16:50 UT on 27 February (Figure 7c ). Then as the two probes moved toward the Earth, the electron PSD at lower L* (e.g.,~L* = 4) also showed a considerable decrease. The Dst minimum of this dropout event was À101 nT, indicating a strong magnetic storm. The IMF B z remained southward for several hours after 16:00 UT on 27 February, which favorably provided a source of free energy for exciting MECHANISMS OF RADIATION BELT DROPOUTSEMIC waves (Gao et al., 2015; Usanova et al., 2012) . During this event, The LCDS (K=0.17) moved steadily inward after 08:00 UT on 27 February and reached the lowest value around L* = 5 at 22 UT on 27 February, while the magnetopause position (Figure 8f ) was pushed to its minimum at~L = 7 earlier by enhanced P dyn (~16 nPa, in Figure 8e ). The values of LCDS (K=0.17) are mostly smaller than the values of magnetopause standoff distance during the entire period. Unlike the June 2015 dropout event, the LCDS during this event never eroded into Van Allen Probes' orbits ( Figure 8a ) since they were at much higher values. Therefore, the effect of magnetopause shadowing during this dropout event is expected to be much weaker than the June 2015 dropout event, and the losses at~L* < 5 are more likely due to local pitch angle scattering induced by EMIC waves.
To better illustrate the evolution of electron PSD during this dropout event, Figure 9 plots the evolution of the electron PSD versus L* profile at different μ and K values during 27-28 February. The μ values are the same as in Figure 4 , but two higher K values, 0.17 G 1/2 R E and 0.26 G 1/2 R E (corresponding to electrons with 40°equa-torial pitch angles at L = 4), are additionally evaluated. The start and end times of each PSD profile are shown on the right. Prior to the dropout, PSD exhibited moderate decrease at L* >4.8 from profile #1 to #2. Then during the dropout from profiles #2 to #3 and then to #4, PSD showed a significant drop between (Figures 9a-9d) , 0.11 G 1/2 R E (Figures 9e-9h) , 0.17 G 1/2 R E (Figures 9i-9l) , and 0.26 G 1/2 R E (Figures 9m-9p) ). The start and end times of each electron PSD versus L* profile are color coded and shown on the right of the figure.
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3 < L* < 5. The peak of the PSD versus L* profile shifted from~L* = 4 to~L* = 4.5 from profiles #2 to #3 during the dropout (e.g., Figure 9k ). This is opposite to the PSD evolution in the scenario of subsequent outward radial diffusion associated with magnetopause shadowing, during which PSD peak moves to lower L* due to the sharp PSD gradient created by magnetopause shadowing at high L* region . This further suggests that the observed electron dropout is not due to magnetopause shadowing or its associated outward radial diffusion.
Electron PSD Drops
To further investigate the extent of electron PSD dropout and its μ and K dependence, we subtract two consecutive profiles before and after the dropout in Figure 9 to obtain the values of electron PSD drops at different μ and K values. The results are shown in Figure 10 , where the PSD drop is achieved by subtracting the 
Profile #2 Profile #3 Figure 10 . The electron PSD drops at different μ and K values obtained between profile #2 and profile #3 in Figure 9 . The μ and K in each panel is the same as in Figure 9 .
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profile #3 from profile #2 in Figure 9 (i.e., profile #2 to profile #3) at each pair of μ and K values. The μ and K values for each panel in Figure 10 are the same as in Figure 9 . Since we are taking the difference between the base 10 logarithm (log 10 ) of PSD values as shown in Figure 9 , the PSD drop in Figure 10 is actually the log 10 of the PSD ratio before and after the dropout, e.g., a drop of 0 in Figure 10 means no change in PSD, and a drop of 1 means the PSD value has dropped by 1 order of magnitude from profile #2 to #3. We take the difference between profiles #2 and #3 since it was the period where most of the dropout occurred. Figure 10 shows that the electron PSD drop versus L* profiles generally had two peaks: one around L* = 3.8 and the other near L* = 4.7 (e.g., Figures 10g and 10j ). Here we focus on the larger and wider drop around L* = 3.8 since it covered most of the dropout. By comparing the PSD drop at different μ values (horizontal rows), it is found that as μ increased, the PSD drop at the same L* generally increased. For instance, from Figures 10a to 10d the peak of PSD drop at~L* = 3.8 increased from 0.8 to 1.8. Similarly, by comparing the PSD drop at different K values (vertical columns), we find that as K increased the PSD drop at the same L* also increased. For example, from Figure 10b vertically to Figure 10n , the peak of PSD drop at~L* = 3.8 increased from~1.2 to above 2. It is worthwhile to note that these trends break down at very high μ and K values (e.g., Figures 10l and 10p) . This is probably due to the fact the PSD values at L* < 4 in profile #3 of Figure 9 already reached the background level (~10 À12 c 3 MeV À3 cm À3 ), and thus were unable to decrease further. In other words, the real PSD drop in these panels could have been greater. The general trends of increasing PSD drop with increasing μ and K values in Figure 10 are consistent with the loss features relate to EMIC waves, preferring relativistic and ultrarelativistic electrons (corresponding to higher μ) and low pitch angle electrons (corresponding to higher K), which further suggests that EMIC wave-induced electron scattering is the dominant loss mechanism during this February 2014 dropout event.
The 17 January 2013 Event
The third dropout event of our interest occurred on 17 January 2013, with the solar wind Mach number reaching steady and low values of <1 for several hours (Lugaz et al., 2016) . This so-called subfast solar wind conditions represent the most extreme and unusual regime in the space environment of the Earth with an occurrence frequency of only 2-3 times per decade. Using simultaneous measurements of more than 10 satellites in the near-Earth space, Lugaz et al. (2016) reported the evanescence of the bow shock, the considerable sunward motion of the magnetopause, and the extremely rapid and intense loss of electrons in the outer radiation belt during this event. Interestingly, energetic electrons losses started when the solar wind 
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dynamic pressure had an abrupt drop and the magnetopause illustrated a rapid sunward motion. This scenario is far from the typical response of the outer radiation belt to the magnetopause movement, namely, magnetopause shadowing. Lugaz et al. (2016) suggested that the causes of this electron dropout were strongly enhanced outward radial diffusion of energetic electrons due to ultralow frequency (ULF) waves with large amplitudes. However, for the same dropout event, Shprits et al. (2016) suggested that EMIC waves provide the dominant electron loss at ultrarelativistic energies. Therefore, it is interesting to revisit this event through a comprehensive data analysis in order to distinguish the dominant mechanisms of flux dropout at different L* regions. Figure 11 shows electron fluxes versus L and time at different energies observed by Van Allen Probes during 16-19 January 2013. Since the two probes were very close during this period, it is hard to distinguish their respective orbits in the figure. Electron dropout started in the outbound orbit after 16:00 UT on 17 January 2013. At about L > 4, the fluxes of 1.02 MeV and 1.8 MeV electrons exhibited significant losses, while there were moderate losses at higher energies which may be due to the low predropout flux that are already close to the background level. At L < 4, fluxes of 1.8 MeV, 4.2 MeV, and 6.3 MeV electrons also showed notable decrease, even though the extent of decreases at L < 4 were much weaker than those at L > 4.
Electron Flux Observations
To investigate the effects of EMIC wave scattering during this dropout event, equatorial pitch angle distribution of electron fluxes and EMIC wave observations from Van Allen Probe A are displayed in Figure 12 . Figures 12a and 12b are equatorial pitch angle distributions of electrons at energies of 1.8 MeV and 4.2 MeV during 08:00-24:00 UT on 17 January. The simultaneous magnetic field power spectral and wave Note that the MLAT of Van Allen Probe A was < À10°after 17:00 UT on 17 January, sometimes even reaching~À20°. Due to the relatively high latitude of the satellite, the coverage of the measured electron equatorial pitch angles is very limited during the dropout period. For the same reason, EMIC waves were hard to be detected by Van Allen Probes, which were far from the source region of EMIC waves near the geomagnetic equator. Therefore, only short-term He + band EMIC waves (~5 min duration)
were observed around 17:45 UT on 17 January, but this cannot exclude the existence of EMIC waves at other locations during the dropout. Actually, using the field measurements by ground stations, Shprits et al. (2016) showed strong EMIC emissions over L = 3.4-5.2 during 15:30-17:30 UT on 17 January 2013. Therefore, EMIC waves may still play an important role in the electron loss of this event and we investigate their effects on electrons further below.
Electron PSD Observations
Similar to the previous two events, we plot the calculated electron PSD versus time and L* during this event in Figure 13a for μ = 912 MeV/G and K = 0.17 G 1/2 R E and in Figure 13b for μ = 2290 MeV/G and K = 0.17 G 1/2 R E .
The blue curves over-plotted are the LCDS (K=0.17) values. During this moderate storm (with Dst shown in Figure 13c ), the electron PSD exhibited substantial decrease after 16:00 UT on 17 January. The dropout started after the solar wind P dyn showed a sudden drop at 15:00 UT on 17 January (Figure 13e ), and the IMF B z turned southward (Figure 13d ), corresponding to the start of subfast solar wind period. The P dyn stayed a relatively low level during the dropout. It is interesting to notice that after the sudden drop of P dyn , the Shue magnetopause position moved significantly away from the Earth (to~15 R E at 19:00 UT on 17 January in Figure 13f ), while the LCDS (K=0.17) moved in the opposite direction decreasing to~L* = 5 and stayed around L* = 5 for~4 h, forming a big difference between the magnetopause positions and LCDS (K=0.17) values. The opposite trends of magnetopause and LCDS are very interesting, which could be due to some special magnetic field configuration under the subfast solar wind condition leading drift shells to be open at local time regions rather than the nose of magnetopause (Chané et al., 2015; Ridley, 2007) . The decreasing LCDS during the dropout can contribute to the loss of electrons at large L* regions by outward radial diffusion even though the magnetopause moved sunward. 
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To better illustrate the PSD variations during this dropout event, in Figure 14 we plot the evolution of the electron PSD versus L* profiles at different μ and K values during 17-18 January. The μ and K values are the same as Figure 9 for the February 2014 event. The interval of each profile is shown on the right of Figure 14 and also marked on the bottom of Figure 13b in corresponding color. In Figures 14a-14h , electron PSD profile #3 (in green) cannot be obtained due to the lack of flux data at low K values (or high equatorial pitch angles as shown in Figure 12 ). From profiles #1 to #2 before the dropout, the PSD at L* > 4 showed a small increase across a wide range of μ and K values. During the subsequent outbound pass (profile #3) and then inbound pass (profile #4), the electron PSD profiles showed substantial drops over a wide range of L*, and formed local PSD minima at~L* = 4.2 for most of the (μ, K) panels (e.g. Figures 14b-14d, 14f-14p ). These local minima of PSD already existed before the dropout in profiles #1 and #2 but were deepened during the dropout. Recently, Shprits et al. (2017) suggested that the presence of deepening local minimums in the heart of outer radiation belt can be a signature of localized loss due to EMIC waves. We agree with their conclusions for the importance of EMIC wave scattering at low L* regions (~L* < 4.2) for this event but would like to emphasize that additional loss mechanism may be required to explain the fast loss at large L* (~L* > 4.2). For example, in Figure 14f the PSD at L* = 5 decreased by~2 orders of magnitude from profile #2 to #4, which was even more significant than the PSD drop at lower L* regions (about half an order) possibly due to EMIC waves. Figure 14 . Same format as in Figure 9 , except for 17-18 January 2013.
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Electron PSD Drops
To clearly demonstrate the dominant loss mechanisms at different L* regions, we calculate the electron PSD drops by subtracting the PSD profiles before and after the dropout and plot the results in Figure 15 . The figure format is similar to Figure 10 for the previous event. The PSD drop is calculated by subtracting profile #3 from profile #2 in Figure 14 (i.e., profile #2 to profile #3). However, since profile #3 is lacking in Figures 15a-15h , the PSD drop is calculated by subtracting profile #4 from profile #2 for the two lower K values. This should provide similar temporal variations since the PSD profile does not change significantly from profile #3 to profile #4 as shown in Figures 14i-14p . Figure 15 shows that the electron PSD drops generally have two peaks: one around L* = 4.8 (if covered by the profiles) and the other around L* = 3.7 as marked in the figure. For most (μ, K) panels, the PSD drops at high L* were larger than those at low L* (except for Figure 15l the PSD drops at lower L* were slightly larger). Looking at the change of PSD drop with increasing μ and K, we find a distinct μ and K dependence at two different L* regions. First, inside L* = 4.2 (indicated by the dashed green line in every panel), the PSD drop generally increases as μ increases (e.g., Figures 15a-15d ), or as K increases (e.g., from Figures 15a to 15m vertically) . These are consistent with the loss effects from EMIC waves, suggesting that the electron dropout at L* < 4.2 was mostly dominated by EMIC wave scattering. However, at L* > 4.2, we find that the PSD drop generally decreased with μ (e.g., Figures 15i-15l ). This is consistent with the energy dependence of the outward radial diffusion loss. In theory, electrons with higher μ have higher resonance frequencies with ULF waves due to their higher drift frequency (Liu et al., 2016; Tu et al., 2012) . Statistically, the power spectral density of ULF waves decreases as the wave frequency increases, leading to less ULF wave power available for higher energy electrons and resultant lower radial diffusion rates. Therefore, the μ dependence of PSD drop at L* > 4.2 agrees with the result of outward radial diffusion, suggesting that the dominant loss mechanism at L* > 4.2 could be outward radial diffusion of electrons associated with the decreasing LCDS during the dropout (Figure 13a ). Based on the above analysis, we conclude that this January 2013 dropout event during subfast solar wind period was a combination of precipitation loss induced by EMIC waves at low L* regions and outward radial diffusion due to ULF waves at high L* regions.
Discussion
In this paper, we have investigated three distinct dropout events in detail, which exhibit different types of underlying physics in terms of dominant loss mechanisms. The 22 June 2015 dropout event was mainly caused by the extremely low LCDS at L* = 3.7 due to the strong P dyn and southward IMF B z during that event and the consequent magnetopause shadowing loss. The 27 February 2014 dropout event was dominant by the EMIC-related loss with clear EMIC scattering signatures in the electron pitch angle distributions, PSD evolution, and their μ and K dependence. Finally, the 17 January 2013 dropout event was a combination of EMIC scattering loss at low L* regions and electron outward radial diffusion associated with magnetopause shadowing at large L* regions, which was clearly demonstrated by the distinct μ and K dependence of electron PSD drops. Our results demonstrate that both magnetopause shadowing and wave-particle interaction have the potential to deplete the entire outer radiation belt. When the LCDS was pushed to significantly low L* regions as in the June 2015 event, magnetopause shadowing can produce significant radiation belt dropout across a wide range of L and energies, leading to more phenomenal electron losses than those dominated by the atmospheric precipitation due to EMIC wave scattering. The fact that each of these radiation belt dropout events can be classified in terms of different dominant mechanisms (magnetopause shadowing dominant, EMIC waves dominant, and a combination of both mechanisms) immediately leads to interesting science questions such as the following: statistically, what is the percentage of each type of dropout events and how do the various solar wind or geomagnetic conditions control the types of dominant loss mechanisms? and are there other primary drivers of dropout events? These are important questions that will be investigated in our future study.
For the 90°-peaked pitch angle distribution at dayside aftershock arrived in the 27 February 2014 event (shown in Figure 7 ), in addition to EMIC-driven precipitation at small pitch angle, drift shell splitting can also contribute to this rapid change in electron pitch angle distributions. The noon drift loss cone appears when dayside trapped electrons with higher latitude mirror points drifting toward the nightside were swallowed by the intensified and closer by cross-tail current field configuration (for details, see Figures 3.12 and 3.13 in Roederer & Zhang, 2014) , leading to the energy-independent 90°-peaked pitch angle distributions at dayside. The role of drift shell splitting in the 27 February 2014 event has also been investigated by Zhang et al. (2016b) by modeling electron drift shells with different pitch angles before and after the shock arrival using TS04D model based on actual solar wind conditions. They found that the electrons with different pitch angle (15°-90°) at the Van Allen Probe B location (MLT = 11.27, L = 5.66) originate from a broad region from 4.7 R E to 6.7 R E at midnight, indicating the noon drift loss cone is likely to occur. After mapping midnight PSD value to dayside, they conclude that a 90°-peaked distribution can also be produced by drift shell splitting, which leads to more 90°-peaked distribution for electrons at higher energies (>1 MeV) than those at lower energies (hundreds of keV), similar to EMIC-driven precipitation. However, their modeled electron PSD result cannot
Journal of Geophysical Research: Space Physics 10.1002/2017JA024487 fully explain the observed dropout level, suggesting other loss processes probably exist, such as EMIC-driven precipitation loss discussed in this paper. Therefore, the dayside 90°-peaked pitch angle distribution can be a combination result of EMIC-driven precipitation and drift shell splitting. Quantitatively differentiating these mechanisms is beyond the scope of this paper.
Usually, the effect of magnetopause shadowing is evaluated by calculating the magnetopause position (e.g., Ni et al., 2016; Xiang et al., 2016) . In this study, we find that the LCDS is a much more reliable index than the magnetopause position in estimating the scope of magnetopause shadowing and understanding the responses of radiation belt electrons. Normally, the LCDS values are smaller than the values of magnetopause standoff position (Matsumura et al., 2011) , which means that using magnetopause position in R E tends to underestimate the effects of magnetopause shadowing. Under special geomagnetic conditions, the movement direction of magnetopause and LCDS can even be opposite. For example, in the January 2013 event (Figure 13f ), the LCDS moved earthward when the magnetopause moved sunward for several hours after the sudden drop of P dyn . The opposite direction of the movement between the magnetopause and LCDS was also seen in the June 2015 event (Figure 3f ) during 08:00-10:00 UT on 23 June 2015 and in the February 2014 event (Figure 8f ) during 18:00-20:00 UT on 27 February 2014. It is important to note that the response of radiation belt electrons follows the movement of LCDS rather than the magnetopause location, such as in the January 2013 event in which the electrons showed a substantial loss at high L* due to outward radial diffusion associated with the decreasing LCDS even though the magnetopause moved far sunward (to~15 R E ). These observations strongly suggest that it is more realistic to use the LCDS to investigate the magnetopause shadowing effect.
The shape and evolution of PSD versus L* profiles have long been used to identify the dominant acceleration mechanisms of radiation belt electrons (Chen et al., 2007; Reeves et al., 2013) . Growing peaks in PSD versus L* profiles are suggested to represent local acceleration of electrons, while monotonic profiles with positive PSD-L* gradient are used to indicate the dominance of inward radial diffusion process. In this paper, we have demonstrated that the evolution of PSD versus L* profiles at different μ and K values during the dropout combined with the calculated LCDS values can also provide critical clues about the dominant loss mechanisms of radiation belt electrons. LCDS can be used to identify the L* regions under direct magnetopause shadowing loss. By subtracting the electron PSD versus L* profiles before and after the dropout, we can achieve the PSD drop versus L* profiles and its dependence on μ and K values (e.g., Figures 11 and 15 ). These can be used to identify the dominant mechanisms at different L* regions based on the different μ, K dependence of different loss mechanisms, i.e., less loss at higher μ in outward radial diffusion and more loss at higher μ and higher K in EMIC wave-induced losses. However, the limitation of this method is that there should be enough PSD data in the PSD profile. If the data coverage is limited, like in the June 2015 event, the distributions of PSD drops cannot be reliably acquired. This also justifies the absence of PSD drop calculations for the first event. Simultaneous EMIC wave measurements, when available either from space or ground magnetometers, are extremely helpful to support our analysis and conclusions based on the PSD analysis.
The results presented in this study are mostly from detailed data analyses. Recently, various types of diffusion or convection-diffusion models have been successfully developed to simulate the wave-particle interactions and magnetopause shadowing loss in the outer radiation belt (e.g., Fok et al., 2008; Tu et al., 2014; Kang et al., 2016; Drozdov et al., 2015) . To further validate our conclusions for the three dropout events and reach quantitative results on the relative contributions of individual loss mechanisms, realistic modeling of the radiation belt dropouts is needed. However, these physical models require various wave and plasma inputs that are difficult to achieve. For example, to simulate the pitch angle scattering due to EMIC waves, the models need the global distribution of EMIC waves. But as showed in our events, it is difficult to obtain the global distribution of EMIC waves from satellites in space. In addition, the statistical EMIC wave distribution achieved from long-term observations may not realistically represent the wave conditions during a specific event (Kang et al., 2016) . Recently, Y. Zhang et al. (2016) developed a new technique to infer EMIC wave amplitudes from the ratio of precipitated and trapped proton fluxes measured by NOAA-POES satellites. This technique may provide a near-real-time global EMIC wave distribution that can be used to simulate the EMIC wave-induced loss. We encourage detailed modeling efforts of the individual events studied in this paper, which will greatly complement the data analysis results that we have presented.
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Conclusion
In this study, the dominant loss mechanisms of three dropout events during Van Allen Probe era are comprehensively investigated based on in situ particle and wave observations and the calculated LCDS and electron PSD values using the TS04 magnetic field model. The major conclusions are summarized as follows:
